Plants are the major source of Biogenic Volatile Organic Compounds (BVOCs) which have a 23 large influence on atmospheric chemistry and the climate system. Therefore, understanding of 24 BVOC emissions from all abundant plant species at all developmental stages is very important. 25
Nevertheless, investigations on BVOC emissions from even the most widespread agricultural 26 crop species are rare and mainly confined to the healthy green leaves. Senescent leaves of grain 27 crop species could be an important source of BVOCs as almost all the leaves senesce on the field 28 before being harvested. For these reasons, BVOC emission measurements have been performed 29 on maize (Zea mays L.), one of the most cultivated crop species in the world, at all the leaf 30 developmental stages. The measurements were performed in controlled environmental conditions 31 using dynamic enclosures and proton transfer reaction mass spectrometry (PTR-MS). The main 32 compounds emitted by senescent maize leaves were methanol (31% of the total cumulative 33 BVOC emission on a mass of compound basis) and acetic acid (30%), followed by acetaldehyde 34 (11%), hexenals (9%) and m/z 59 compounds (acetone/propanal) (7%). Important differences 35
were observed in the temporal emission profiles of the compounds, and both yellow leaves 36 during chlorosis and dry brown leaves after chlorosis were identified as important senescence-37 related BVOC sources. Total cumulative BVOC emissions from senescent maize leaves were 38 found to be among the highest for senescent Poaceae plant species. BVOC emission rates varied 
Plants and environmental conditions 110
The experiments were performed on maize leaves (Zea mays L., variety Prosil, Caussade 111 Semences, France) at four different leaf developmental stages: young, semi-mature, mature, and 112 senescent. To measure BVOC exchanges between young leaves and the atmosphere, 8 to 14 day 113 old maize plants (age counting began at seed germination) were used. The shoots of the young 114 maize plants were completely enclosed because it was not feasible to enclose a single young leaf 115 for a sufficiently long period without damaging it due to the fast elongation rate of both leaves 116 and stem. The upper part (ca. 55 cm starting from the tip) of almost fully developed, healthy 7 th 117 leaves of 30-40 day old plants (around 120 cm tall) and the fully developed (7 th , 8 th or 9 th ) leaves 118 of 60-70 day old, fully grown plants (around 180 cm tall) were enclosed to measure BVOC 119 emission rates from semi-mature and mature leaves during 5 consecutive days, respectively. The 120 above-mentioned leaf numbers refer to the order in which new leaves appear during plant 121 development and leaf numbering thus starts from the base. The choice for (mainly) 7 th leaves 122 was determined by their position with respect to the ground and the ceiling level of the 123 environmental chamber and the possibility to enclose them without damaging them. Senescence-124 induced BVOC emission rates were measured from senescing (7 th , 8 th or 10 th ) leaves of fully 125 grown 60-95 day old plants. The upper half of those leaves was enclosed a few days before the 126 
Tentative identification and quantification of emitted BVOCs

187
The operating principle and technical details of the PTR-MS technique have been amply 188 certified accuracy of 5%. The calibration gas was further diluted with zero air, generated by 223 sending ambient air through a catalytic converter (Parker® ChromGas® Zero Air Generator, 224 model 1001, Parker Hannifin Corporation, Haverhill, MA, USA), to obtain mixing ratios in the 225 lower ppbv range. When several compounds potentially contributed to the ion signal at a given 226 nominal m/z value (e.g. methyl ethyl ketone, 2-methyl-propanal and butanal at m/z 73), it was 227 assumed that they possessed similar calibration factors. By calibrating the PTR-MS to the 228 compound indicated in bold in Table 2 (methyl ethyl ketone for the above-mentioned example) 229 and applying the calibration factor to the measured ion signal at that m/z, we estimated the sum 230 of the concentrations of those compounds. (81)). This indicates that monoterpene emission rates were not significant 241 during this stage and that ions at m/z 81 did not result from dissociative proton transfer of 242 monoterpenes but corresponded to dehydrated protonated hexenals. In order to obtain accurate 243 emission rates for the sum of hexenal isomers, the other main proton transfer product ions of 244 hexenals at m/z 57 and m/z 99 (Pang, 2015) were also continuously monitored, both during the 245 enclosure measurements and calibrations, and the sum of the signals of the three product ion 246 species, weighted for ion transmission in the mass spectrometer, was used to derive the emission 247 rate of the sum of hexenal isomers. As hexenals and monoterpenes both result in a product ion at 248 m/z 81, calibration of the PTR-MS for those compounds required the use of two multiother compounds to be quantified ( Table 2 ). The calibration mixture containing the 251 monoterpenes was used for the experiments on young, mature, and semi-mature leaves, whereas 252 the mixture containing hexenal was used for the experiments on senescent leaves. 253
The calibration factor for acetic acid (at m/z 61), a compound which was not present in the 254 calibration bottles, was estimated from the factor for acetone (at m/z 59) by considering the 255 fragmentation of the protonated molecules in the drift tube (Inomata and Tanimoto were also noticed (Table 3 ), but they often barely exceeded the detection limit. The emergence of 291 BVOC emissions or their increase (in case the BVOC was also emitted constitutively) took place 292 at the start of the degeneration phase. Photosynthesis and transpiration diminished gradually as 293 chlorosis progressed from the apex towards the base of the leaf and finally stopped 2-4 days 294 before the end of the chlorosis period (as shown in Fig. 2 
for one replicate). While some of the 295
BVOCs were predominantly emitted during and just after the degeneration phase, others were 296 emitted during the termination phase of senescence as well, as will be discussed in detail in the 297 following sections. 298
The temporal emission dynamics of the individual BVOC species, the relative contribution of 299 their cumulative emissions to the total emission, as well as a comparison with cumulative 300 emissions for other senescent species of the Poaceae family will be discussed hereafter.
degeneration phase of leaf senescence 303
At the beginning of the chlorosis period, the emission rates of methanol, acetaldehyde, and 304 hexenals rose slowly as leaf discoloration moved from the tip to the base and they increased 305 faster when the leaf was turning brown and was shrinking due to the drying process. The highest 306 emission rates occurred at around 1-3, 0-2 and 0-2 days before the end of the chlorosis period, 307 respectively ( Fig. 2 and Fig. S1a) . By then photosynthesis and transpiration from the steadily 308 decreasing green part of the enclosed leaf were already greatly reduced. Emissions of methanol, 309 acetaldehyde, and hexenals exceeding 20% of their maximum value lasted for 3-8, 3-7, and 2-7 310 days, respectively. The temporal evolution of normalised m/z 83 compound emission rates was 311 similar to that of normalised hexenal emission rates (data not shown). The variability in the 312 duration of the high emission periods for the different compounds reflects the variability in 313 temporal emission profiles for the 10 replicates ( shows small methanol and acetaldehyde emissions after the chlorosis period which persisted 315 until the end of the measurements. These emissions showed a fixed diurnal pattern with a 316 maximum emission rate of at most 10% of the maximum emission rate during the chlorosis 317
period. 318
As can be seen in Fig. 2 Table 3 , along with the maximum instantaneous emissions and the maximum daily emissions 419 that have been observed over the entire senescence period. Additional statistical information on 420 instantaneous and daily emissions and on cumulative emissions from the investigated senescent 421 leaves is provided in Table S2 and in Fig. S2 in Supplement S1. The emission rates for some 422 compounds (e.g. methanol, m/z 59 compounds, and acetic acid) were still well above the 423 detection limit at the end of the measurement period. Consequently, the reported cumulative 424 emission values from the onset of senescence to the end of the measurement period (31 days) for 425 those compounds should be considered as lower limits for their total cumulative emissions 426 during leaf senescence. 427 mature maize leaves. Data for the senescent leaves are averages over 10 replicates and data for the young, semi-mature and mature 431 leaves are averages over 5 replicates. The error on the emission rates corresponds to the standard deviation (1σ Methanol and acetic acid were clearly the compounds with the highest emissions (expressed in 437 mass of compound per leaf dry weight), accounting both for around 30% of the total cumulative 438 emission from the onset of senescence to the end of the investigations (Fig. 3a) . temporal emission dynamics among BVOCs that were discussed in Section 3.1.1 and 3.1.
449
Indeed, as methanol, acetaldehyde, and hexenals were predominantly emitted during the 450 degeneration phase (see Table 3 ), it is clear that those compounds together made up a large part 451 (75%) of the BVOC emissions for that period (Fig. 3b) . Because of the strong persistence of m/z 452 59 compounds and acetic acid emissions after the chlorosis period, the relative contribution of 453 those compounds increased with time after that period. During the termination phase (Fig. 3c) , 454 the m/z 59 compounds and acetic acid together made up half (55%) of the BVOC emissions, and 455 acetic acid was predominantly emitted during that period (46%). however, be taken with caution because of differences in the way they have been determined 480 (from leaves still attached to the plant as in this study or from cutting of biomass, followed by 481 drying in the field or in an oven as in the other studies), in environmental conditions during the 482 experiments, and in the length of the accumulation period (see Table 4 ). 483 Table 4 : Comparison of the cumulative BVOC emissions during senescence of maize leaves and drying of hay, Sorghum sudanense 484 (sorghum), Oryza sativa (rice), Panicum virgatum (switchgrass) and Phyllostachys nigra (black bamboo). Also mentioned in the 485 
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± total (~31 days) total total (7-9 hours) total (7-9 hours) In order to investigate the relative importance of BVOC emission rates from senescent maize 492 leaves, these emission rates were compared with those of young, semi-mature, and mature maize 493 leaves measured under the same environmental conditions (Table 3) . Strong variations in daily 494 emission rates were observed among the different leaf developmental stages for those 495 compounds that could be quantified for the three earliest stages. Methanol was clearly the 496 compound with the highest emission rates for all stages. The highest daily emission rate during 497 the senescence period was about 40% of the average daily emission rate for the young leaves and 498 about a factor of 10 higher than that of semi-mature and mature leaves. The high emission rates 499 for senescent and young leaves with respect to those of the other developmental stages are due to 500 enhanced production of methanol by PME-catalysed demethylation of pectin during cell wall 501 remodelling. Whereas complex diurnal methanol emission profiles were found for the young 502 leaves (Mozaffar et al., 2017), no clear correlation between the methanol emission rate and PPFD 503 could be observed for the senescent leaves either. Maximum daily emission rates for m/z 59 and 504 m/z 73 compounds during senescence were of similar magnitude to the corresponding average 505 daily emission rates for young leaves and about 3-6 times higher than the average daily emission 506 rates for the semi-mature and mature leaves. Daily monoterpene emission rates for young maize 507 leaves were more than ten-fold higher than for semi-mature and mature leaves and emission rates 508 from senescent leaves were below the detection limit. Higher acetone and monoterpene 509 emissions from young leaves have previously been reported in the literature and higher defence 510 Although the data listed in Table 3 allow a comparison between the maximum daily BVOC 514 emission rates during senescence and the average daily BVOC emission rates measured during 515 relatively short periods for the young, semi-mature, and mature leaves, additional information is 516 required to assess the contributions of the different leaf developmental stages to the total BVOC 517 emissions for an individual leaf in the course of its lifetime. By taking into account theexperimental daily methanol emission rate data from the young and mature leaves (Mozaffar et 519 al., 2017) and the cumulative methanol emissions from senescent leaves (Table 3) , and by using 520 information about the relative leaf area growth rate and the duration of the young-growing 521 (encompassing young and semi-mature) and mature leaf developmental stages, it was possible to 522 estimate the cumulative methanol emissions from a 7 th leaf of a maize plant during the young-523 growing, mature and senescent leaf developmental stages. The leaf number again refers to the 524 order of appearance of the leaf on the maize plant. They were 360 ± 30 µg, 80 ± 30 µg and 150 ± 525 40 µg, respectively, and the resulting total amount of methanol emitted by a 7 th leaf in the course 526 of its lifetime was therefore 590 ± 60 µg. The young-growing, mature and senescent stages 527 consequently contributed 61 ± 3, 13 ± 5 and 26 ± 6% to the total methanol emission from a 7 th 528 leaf. Details about the estimation procedure are provided in Supplement S1. 529
Based on the emission rates obtained for a 7 th leaf, the total amount of methanol emitted by all 530 leaves of a representative maize plant, grown in the environmental chamber at 25 °C and exposed 531 to the diurnal light pattern described in Section 2.1, has been estimated for the different leaf 532 developmental stages. Values of 4.8 ± 0.4, 0.8 ± 0.5 and 1.9 ± 0.6 mg were obtained for the 533 cumulative methanol emission from all young-growing, mature, and senescent leaves over the 534 entire lifetime of the plant, respectively. The total amount of methanol emitted by the leaves of a 535 whole maize plant from shoot emergence to full senescence was therefore equal to 7.5 ± 0.9 mg 536 and the contributions of the different stages to the total methanol emission were 64 ± 3, 10 ± 8 537 and 26 ± 7%, respectively. The estimation of the total cumulative methanol emission from a 538 whole maize plant over the course of its lifetime should however be considered with caution. As 539 already mentioned it was assumed that all leaves were exposed to the same PPFD and the effect 540 of shading by leaves with a higher leaf number was not taken into account. Moreover, a large 541 variability in the duration of the mature stage was noticed among leaves with different leaf 542 numbers, which may be related to the demands of the plant for nutrient relocation. The total leaf 543 emissions of methanol from a maize plant presented in this work could be used as a first estimate 544 for upscaling to field scale in regions characterised by environmental conditions close to those of 545 the growth chamber. However, a general upscaling from the leaf/plant level to ecosystem level 546 would definitely benefit from methanol emission measurements at different temperatures at allalso be important in the field (Laffineur et al., 2012; Wohlfahrt et al., 2015) and should be taken 549 into account. 550
For the other BVOCs emitted by maize leaves, assumptions about the temporal evolution of 551 the emission rates at the different leaf developmental stages are less straightforward than for 552 methanol. Indeed, whereas methanol emission from young leaves has been associated with leaf 553 growth (Hüve et al. 2007), this is not the case for other BVOCs and therefore a simple 554 relationship between the daily emission rate of those compounds and the daily relative leaf area 555 growth rate (eq. S3 in Supplement S1) cannot be put forward. Consequently, an estimation of the 556 relative contribution of the different leaf developmental stages to the total emission from a 7 th 557 maize leaf for other BVOCs than methanol-from the emission rate data obtained in this work 558 would have been prone to very large errors and has therefore not been accomplished. The same 559 applies to extrapolation to an entire maize plant. 560
Conclusions
561
Maize is one of the most cultivated crop species worldwide, but only 5 studies on BVOC 562 exchanges from maize are available in the literature and none of them deal with emissions from 563 senescent leaves. In contrast to most studies on BVOC emissions from artificially senescing 564 leaves (cutting and drying), the senescent maize leaves in our experiments were still attached to 565 the stems. 566
The main emitted compounds, ranked according to their cumulative emissions over the 567 senescence period, were found to be methanol, acetic acid, acetaldehyde, hexenals, m/z 59 568 compounds, m/z 69 compounds, m/z 73 compounds, and m/z 83 compounds. Important 569 differences were observed in the temporal emission profiles of these compounds. Whereas 570 methanol, acetaldehyde, and GLVs (hexenals and m/z 83 compounds) were emitted mainly 571 during the degeneration phase of leaf senescence, m/z 59 compounds and acetic acid emission 572 rates increased at the end of that phase and their emissions remained high during the termination 573 phase, even when the leaves were already completely dry. Beside m/z 59 compounds and acetic 574 acid, the rest of the abovementioned compounds were also emitted in small but significant 575 amounts from dry leaves during the termination phase. Therefore, not only the yellow senescentsource of BVOCs. By comparing cumulative BVOC emissions from senescent maize leaves with 578 those of artificially senescing species of the Poaceae family, it was found that maize leaves were 579 clearly among the strongest emitting species during that leaf developmental stage. Nevertheless, 580 an improved comparison of cumulative BVOC emissions among senescent species of the 581 Poaceae family might benefit from additional measurements on naturally senescing plants instead 582 of results obtained from cutting and drying experiments. 583
Whereas senescent leaves showed a large diversity of emitted compounds, BVOC emission 584 rates for young, semi-mature, and mature leaves were limited to methanol, m/z 59 and m/z 73 585 compounds, and monoterpenes. Methanol was clearly the highest emitted compound for all 586 stages and showed a strong variation in intensity and diurnal emission patterns among the 587 different leaf developmental stages. The contributions from the young-growing, mature, and 588 senescent stages to the total methanol emission from a typical leaf of a maize plant were 589 estimated to be 61, 13, and 26%, respectively. 590
Although our growth chamber study provided new information on the contribution of 591 senescence and other leaf developmental stages to the BVOC emissions from maize, additional 592 studies, preferably in field conditions and at a wide variety of meteorological conditions, are 593 definitely required to better constrain BVOC emissions for this important C4 crop species for use 594 in regional and global atmospheric chemistry and climate models. 595 
